Abstract: Vitamin D is important for maintaining bone health and may prevent various diseases (i.e., cardiovascular disease and cancer). The aim of this study was to estimate vitamin D intakes of Korean adults using the Korea National Health and Nutrition Examination Survey (KNHANES, 2009) data and a newly established vitamin D database. KNHANES (2009) In men and women, vitamin D intakes were 4.00 ± 0.17 µg/day and 2.6 ± 0.1 µg/day respectively, and serum 25(OH)D concentrations were 19.78 ± 0.33 ng/mL and 17.10 ± 0.26 ng/mL respectively. Serum 25(OH)D concentrations of men aged <50 years and women aged >20 years were under 20 ng/mL. After adjusting for confounding factors, the positive relationship between vitamin D intake and serum 25(OH)D was observed in total subjects (p < 0.05), excluding participants ≥50 years old. The main food sources for vitamin D among Korean adults were fish/shellfish (71.34%) and egg (14.89%). Korean adults should increase their serum 25(OH)D concentrations by increasing vitamin D intake.
Introduction
Vitamin D is widely known to be involved in the homeostasis of calcium and phosphate and the maintenance of skeletal health. In recent studies, vitamin D has been inversely associated with the risk of various diseases, such as obesity and hypertension, various cancers, cardiovascular disease, type 2 diabetes, viral respiratory infections, tuberculosis, meningitis, Alzheimer's disease, and Parkinson's disease [1] [2] [3] [4] . Furthermore, increased serum vitamin D levels are associated with a significant reduction in morbidity and mortality [5] .
Although serum 25-hydroxyvitamin D (25(OH)D) concentrations are an indicator of adequate vitamin D levels in the body [6] , a worldwide standard serum 25(OH)D level indicative of vitamin D deficiency has not been determined. According to the Institute of Medicine [7] and a majority of related publications, a serum 25(OH)D concentration of 20 ng/mL is considered deficient because even a serum 25(OH)D concentration of 50 nmol/L (20 ng/mL) was found to have no positive effects on calcium absorption and bone density [8, 9] . When vitamin D deficiency was defined by a serum 25(OH)D concentration of <20 ng/mL, the global vitamin D deficiency rates were found to be >40% among the elderly and women in the United States (US) and Europe and >50% among children and 
Energy and Vitamin D Intake and Serum 25(OH)D Concentrations
The highest energy intake was observed in Korean men aged 30-49 years and women aged 20-29 years, and the lowest energy intake was observed in men and women aged ≥75 years (p < 0.001). The mean daily vitamin D intake before adjusting for energy intake was 3.76 ± 0.19 µg/day in men and 2.56 ± 0.10 µg/day in women. After adjusting for energy intake, the mean daily vitamin D intake increased to 4.00 ± 0.17 µg/day in men and 2.64 ± 0.10 µg/day in women. The mean daily vitamin D intake before adjusting for energy intake was found to be the highest in men and women aged 30-49 years and lowest in those aged ≥75 years (men, p < 0.001; women, p < 0.01); there was no significant difference in the mean daily vitamin D intake after adjusting for energy intake between age groups. The percentage of men and women with less than the adequate intake (AI) of vitamin D was 74.6%-95.9% and 84.5%-96.3%, respectively. Therefore, a considerable number of participants of both genders did not have AIs of vitamin D. The mean serum 25(OH)D concentration was 20 ng/mL (the cut-off point for deficient serum 25(OH)D concentration in this study) in men aged <50 years and >20 ng/mL in men aged ≥50 years. In particular, the serum 25(OH)D concentration in men was the highest for those aged ≥75 years (21.65 ± 0.80 ng/mL) and lowest for those aged 20-29 years (16.43 ± 0.50 ng/mL) (p < 0.001). Mean serum vitamin D concentrations of women in Korea were <20 ng/mL, and the serum vitamin D concentrations in women were significantly lower than those in men (p < 0.001). The percentages of men and women with deficient serum 25(OH)D concentrations were 40.9%-76.8% and 62.7%-86.1%, respectively (Table 2) . After adjusting for confounding factors (age, drinking status, smoking status, physical activity status-high, sun exposure time and use of vitamin/mineral supplements), there was a positive relationship between vitamin D intakes and serum 25(OH)D concentrations in total subjects and all participants <50 years old (p < 0.05). However, the influence of these was very low with R 2 -value of 0.089 and 0.072, respectively. There were no significant relationships between vitamin D intakes and serum 25(OH)D concentrations in participants aged ≥50 years (Table 3) . 
Food Sources of Vitamin D
The fish and shellfish food group was the highest contributor to vitamin D intake in both men and women, followed by eggs, milk and dairy products, meat and meat products, mushrooms, and grain and grain products. The vitamin D intake from fish and shellfish was significantly higher in men (2.81 ± 0.17 µg/day; 71.69%) than in women (2.02 ± 0.10 µg/day; 62.35%; p < 0.001). Furthermore, vitamin D intake from milk and dairy products was lower in men (0.16 ± 0.02 µg/day; 4.12%) than in women (0.24 ± 0.02 µg/day; 7.41%; p < 0.05). Compared to men, women were observed to have higher vitamin D intake from mushrooms, but this finding was not significant (Table 4) . Data are shown as means ± standard errors, and adjusted for energy intake. Contribution is also expressed as percentages (%). F-values were based on the results from the complex samples general linear model. * p < 0.05, *** p < 0.001.
Anchovies were found to have the highest contribution towards the vitamin D intake in Korean adults (23.58% in men; 23.91% in women). The total contribution of anchovy, mackerel, and egg towards the vitamin D intake in both men and women was >50%. In addition to fish and shellfish, the main food sources of vitamin D were milk (3.07%), pork (1.79%), and mushroom (2.46%) in men, and milk (5.59%), mushroom (3.95%), and pork (1.72%) in women (Table 5 ). Con, contribution; Acc-con, accumulated contribution.
Discussion
In the present study, the dietary vitamin D database established by the Korean Nutrition Society was used to supplement the vitamin D intake assessment in Korean adults. In the newly established vitamin D database, coverage for the number of related foods increased from 34.1% to 45.4%. However, the overall coverage was not high because vitamin D is only present in a limited number of foods, and the coverage also contains vegetables without any vitamin D. However, when the vitamin D intakes were assessed in the present study, the coverage for vitamin D-containing foods in the food database for Koreans was found to be >95%, and therefore, the newly established database was considered feasible for effectively calculating vitamin D intakes.
The mean daily vitamin D intake after adjusting for energy intake was 1.36 ± 0.07 µg/day higher in men (4.00 ± 0.17 µg/day) than in women (2.64 ± 0.10 µg/day). The mean daily vitamin D intake was the highest in those aged 30-49 years for both genders and was the lowest in those aged ≥75 years. Furthermore, vitamin D intake after adjusting for energy intake was slightly decreased in participants aged <50 years, but increased in those aged ≥50 years. Based on these results, those aged ≥50 years should consume a more vitamin D-dense diet. However, the mean intake in those aged <50 years was below the AI, suggesting that vitamin D should also be increased in the diet of this group.
The mean vitamin D intakes in American men and women aged 25-74 years in 2007-2009 were 6.15 ± 0.27 µg/day and 4.53 ± 0.16 µg/day, respectively; these intake values are higher than those observed in Koreans. However, when assessed by age groups, the lowest vitamin D intake in America was observed in both men and women aged 25-39 years, and the highest vitamin D intake was observed in women aged 40-54 years and men aged 55-74 years [17] . The mean vitamin D intakes in Finnish men and women aged 25-65 years were 7.1 µg/day and 5.2 µg/day, respectively, while the mean vitamin D intakes in men and women aged 65-74 years were 9.0 µg/day and 6.5 µg/day, respectively [18] . According to the results of the National Diet and Nutrition Survey published in 2012 in Japan, the mean vitamin D intake in men and women aged ≥20 years was 8.3 ± 9.7 µg/day and 7.2 ± 8.2 µg/day, respectively [19] , which was higher than intake in men and women in South Korea. However, according to the National Diet and Nutrition Survey in 2008-2012 in the United Kingdom (UK), the mean daily vitamin D intake in men and women aged 19-64 years was 3.0 ± 2.2 µg/day and 2.4 ± 1.8 µg/day respectively, which was lower than that of men and women in South Korea [20] .
In accordance with the 2010 Dietary Reference Intakes for Koreans, the Korean Nutrition Society established the AI for vitamin D at 5 µg/day in both men and women aged 20-49 years and 10 µg/day in those aged ≥50 years. In this present study, the 30-49-year age group was observed to have the lowest percentage of participants who consumed less than the AI for vitamin D (men, 74.6%; women, 84.5%). Approximately 90.3%-95.9% of men and 93.8%-96.3% of women aged ≥50 years consumed less than the AI of vitamin D for Koreans; these percentages were higher compared to those of adults aged <50 years. This trend can be observed in other countries. The percentages of Brazilian men and women aged ≥65 years who consumed less than the AI (10 µg/day) for vitamin D were 98.8% and 99.0%, respectively, which were higher than the percentages of Korean men and women [21] . Additionally, 90.2% of German elders aged 66-96 years consumed less than the AI (10 µg/day) of vitamin D [22] . According to these findings, the elderly in South Korea and foreign countries do not meet the daily dietary reference vitamin D intakes. The energy requirement for elders is lower than that for younger adults, and therefore, dietary intake decreases; however, the AI of vitamin D is higher for the elderly in order to prevent diseases and fractures due to a decline in subcutaneous vitamin D synthesis capacity [23, 24] .
We found that dietary intake in the elderly was low, and it might be difficult to meet the currently set reference AI of vitamin D (10 µg/day) through food intake only. Therefore, there is an increased need for foods fortified with vitamin D. In Japan, the serum 25(OH)D concentration was found to increase from 23.1 ng/mL to 36.0 ng/mL in healthy female college students living in dormitories after the consumption of 180 mL of milk fortified with 2 µg of vitamin D for 8 weeks [25] . In the UK, the percentage of at-risk groups estimated to have vitamin D intakes below the UK Reference Nutrient Intakes was reduced from 93% to 50% after consuming a simulated fortification of 10 µg vitamin D/100 g wheat flour, and no participants exceeded the UK Tolerable Upper Intake Level; the 2.5th percentile of the population winter serum 25(OH)D concentration increased from 20 to 27 nmol/L after fortification [26] . The serum 25(OH)D concentrations in American participants aged 18-79 years who consumed orange juice fortified with 1000 IU of vitamin D 3 and 1000 IU of vitamin D 2 increased to 12.8 ± 10.1 ng/mL and 10.6 ± 7.2 ng/mL, respectively [27] . In Finland, vitamin D has been added to fluid milk and dairy products as well as margarine and butter since 2003. As a result, the serum 25(OH)D concentrations increased by 50%, and vitamin D insufficiency decreased by 50% (78% in January 2003 to 35% in January 2004) [28] . Therefore, there is a need for increased consumption of foods fortified with vitamin D in Korea. About 2-2.25 µg/180 mL of vitamin D is added to high-calcium milk products and 0.75-1.9 µg/190 mL of vitamin D 3 is added to soy milk products in South Korea, and therefore, continued consumption of these fortified foods is expected to increase serum 25(OH)D concentrations.
Older adults may have decreased sun exposure, reduced dermal conversion of 7-dehydrocholesterol to vitamin D 3 , and secondary hyperparathyroidism, which contribute to poor serum 25(OH)D concentrations [29] . However, in the present study, the serum 25(OH)D concentration in Korean adults aged ≥50 years was found to be higher than that of adults aged <50 years. Similar findings were observed in the KNHANES (2008) [13] . In addition, vitamin D status was found to improve with aging in the Thailand National Health Examination Survey (2008) (2009) [30] ; this was explained by the fact that the elderly had more leisure and outdoor activity time. Therefore, after adjusting for sun exposure time, age, drinking status, smoking status, physical activity (high), and use of vitamin/mineral supplements regarded as a confounding factor for serum 25(OH)D concentrations, vitamin D intake in all participants and those aged <50 years was positively related to serum 25(OH)D concentration in this study. However, the influence of these was very low. This finding may differ by age group. It can be concluded that an increase in dietary vitamin D intake for young Korean adults with low serum 25(OH)D concentrations can contribute to an increase in serum 25(OH)D concentration.
Black et al. [31] described how an intake of 1 µg/day of vitamin D-fortified foods could increase serum 25(OH)D concentrations by 1.2 nmol/L. Cranney et al. [32] , found that every 2.5 µg of vitamin D 3 increased serum 25(OH)D concentration by 1-2 nmol/L; the increase in serum 25(OH)D concentration could be greater when the initial serum 25(OH)D concentration is low and the study period is longer. These findings are consistent with the results of the present study. If the findings of the study by Cranney et al. [32] are applied to Koreans, a 5 µg/day increase in vitamin D intake among Korean adults aged <50 years can be expected to additionally increase serum 25(OH)D concentration by 1.6-2.4 ng/mL, which can help prevent vitamin D deficiency (<20 ng/mL or <50 nmol/L). In a study by Cashman et al. [33] , a vitamin D intake of 9 µg/day on average is needed to achieve a serum 25(OH)D concentration of 50 nmol/L. Considering the dietary reference nutrient intakes for Koreans, the AI for vitamin D in young Korean adults should be >10 µg, which may be suitable in order to augment serum 25(OH)D concentration to >20 ng/mL.
In order to increase vitamin D intakes among Koreans, it was necessary to evaluate the propensity for consumption of food sources of vitamin D. The main food sources of vitamin D included fish, eggs, meats, milk, mushrooms, and grains. Among these food sources, fish and shellfish had the highest contribution towards the total vitamin D intake (>70% in both men and women). The main food sources of vitamin D in the world depend on the dietary habits of people and the nutrition policies in each country. The main sources of vitamin D for Americans and Canadians were milk, followed by meat and fish [34] , and the contribution of vitamin D-fortified milk towards vitamin D intake was very high in American men (58%) and women (39%) [35] . Similar results were observed in Finland [36] . The contribution of low-fat milk and dairy products generally fortified with vitamin D was found to be high in Sweden [37] . However, the highest contributors of food sources for vitamin D intake in the UK were meat and meat products followed by fat spreads, cereals and cereal products, and fish and fish dishes [20] . In Germany, the main food sources of vitamin D were fish, fats and oils, milk, and breads [22] , and in Japan, the main sources of vitamin D were reported to be fish, followed by eggs and mushrooms [38] . Fish and shellfish contribute to over 70% of vitamin D intake in Korea, while they contribute to about 38.5% in Germany [22] , 15%-18% in the UK [39] , 38% in France [40] , 65% in Spain [41] , and 12% in Ireland [42] . Japan was shown to be similar to Korea with respect to the contribution of fish and shellfish towards vitamin D intake (79%) [43] . In particular, the contribution of fish and shellfish towards vitamin D intake in the Japanese elderly has been reported to be very high (90.7%) [43] , which was similar to Korean elders. In a Japanese study, the serum 25(OH)D concentration in elderly women who consumed fish ≥4 times/week was 10.1 nmol/L (4.04 ng/mL) higher than that of elderly women who consumed fish 1-3 times/week [38] . Increasing fish intake is considered to be the easiest way to increase dietary vitamin D intake. Anchovy, one of the main food sources of vitamin D for Korean people, is a good food source of vitamin D (4 µg/100 g), but has a high sodium content (240 mg/100 g). Therefore, caution is required with respect to anchovy consumption, including reducing the intake of water-soluble sodium in soup. Furthermore, an increased intake of excellent food sources of vitamin D, such as milk and eggs, is recommended. However, it may be difficult for the elderly to easily increase intake of such foods due to lactose intolerance [44] or cardiovascular disease. Therefore, consumption of soy milk fortified with vitamin D and vitamin D supplements can be considered an alternative solution. Furthermore, it is necessary to increase the intake of vitamin D among Korean people by introducing national food fortification policies in South Korea, which have already been implemented in the US and Finland. It is not easy to develop dietary reference intakes for vitamin D collectively because sunlight exposure differs depending on lifestyle and residential area.
The Ministry of Health, Labour and Welfare of Japan established the daily reference intake for vitamin D based on a sunlight exposure time needed to synthesize 5.5 µg of vitamin D [45] . According to that study, sunlight exposure for about 2 h has been shown to synthesize about 7.5 µg of vitamin D 3 among those in the Sapporo, Tsukuba, and Okinawa regions. These findings seem to have been used in calculating the adequate dietary reference intakes of vitamin D for Korean people.
This study had a few limitations. Although the intakes of vitamin D supplements were assessed to determine the total daily intake of vitamin D, only the intake or non-intake of vitamin/mineral supplements was surveyed in the KNHANES (2009). Therefore, there are no available data regarding the intake amount and duration of single vitamin D supplements, and our evaluation of the vitamin D intakes in Korean people may thus be limited. In addition, the radioimmunoassay method used to assess serum 25(OH)D concentrations has been reported to underestimate serum 25(OH)D concentrations more than liquid chromatography-tandem mass spectrometry method [46] . Recently, liquid chromatography-tandem mass spectrometry method has become a gold-standard method for assessing serum 25(OH)D concentrations. In future studies, this method should be considered also. Nevertheless, the vitamin D intakes in the present study were calculated by using reliable data from Korean adults, which can assist in evaluating optimal vitamin D intake and developing dietary reference intake of vitamin D for Korean people.
Materials and Methods

Study Data and Design
This study was based on cross-sectional data obtained from the KNHANES (IV-3) in 2009. The KNHANES (IV-3) contains a basic database with information from health interviews, biochemical tests, and a nutrition survey. The health interviews involved personal interviews and self-administered questionnaires. The biochemical tests were conducted by direct anthropometric measurements and blood analyses. The nutrition survey was conducted by trained dieticians in 3975 households from 200 Korean national districts. Of the 10,533 participants, 7798 participants (3411 men; 4387 women) aged ≥20 years were evaluated. Participants with unknown menopausal status (n = 620); missing data in the food intake survey (n = 902); vitamin D intake > 60 µg/day (n = 48); and missing data regarding their status of drinking, smoking, physical activity, body mass index and anthropometric measurements, serum 25(OH)D concentrations, sun exposure, and use of vitamin/mineral supplements (n = 1687) were excluded from this study. Finally, data from 4541 participants (2021 men; 2520 women) were used in this analysis (Figure 1 ). The participants were divided into the following 5 groups based on age (i.e., 20-29 years, 30-49 years, 50-64 years, 65-74 years, and >75 years) and 2 groups by gender (i.e., male and female). The study protocol was approved by the ethical committee of Chungnam National University, Korea (201406-SB-029-01).
Vitamin D Database
Based on the vitamin D database (1191 foods) in 'Food Values 2009' published by the Korean Nutrition Society [47] , a vitamin D database for 397 foods was newly established using data from the Food Composition Table ( [51] . If the vitamin D content in the food was different depending on the data source, the final data were cited based on the following order: The Korean Nutrition Society, the National Rural Living Science Institute, the National Academy of Agricultural Science, Japanese data, and US data. However, if data regarding foods that were indicated as 'trace' in the Korean Nutrition Society data and other data sources were also available, we cited the latter. 
General Characteristics
Information regarding smoking status (yes/no), drinking status (yes/no), physical activity status (high: At least 20 min of vigorous intensity exercise 3 times a week, yes/no; mid: At least 20 min of moderate intensity exercise 5 times a week, yes/no; walking: At least 30 min of walking 5 times a week, yes/no), sun exposure time (<5 h or >5 h), and use of vitamin/mineral supplements (yes/no) were collected during the health interview. 
Information regarding smoking status (yes/no), drinking status (yes/no), physical activity status (high: At least 20 min of vigorous intensity exercise 3 times a week, yes/no; mid: At least 20 min of moderate intensity exercise 5 times a week, yes/no; walking: At least 30 min of walking 5 times a week, yes/no), sun exposure time (<5 h or >5 h), and use of vitamin/mineral supplements (yes/no) were collected during the health interview.
Energy and Vitamin D Intake, Main Food Source of Vitamin D, and Serum 25(0H)D Concentrations
Daily intakes of energy and vitamin D in Korean adults were assessed using food intake data collected using a 24 h dietary recall questionnaire and the newly established vitamin D database. After adjusting for energy intake, we examined vitamin D intake and percentages of the participants who consumed less than the adequate intake (AI) of vitamin D. Serum 25(OH)D concentration was measured by radioimmunoassay (25-Hydroxyvitamin D 125I RIA kit; DiaSorin Inc., Stillwater, MN, USA) and a gamma-counter (1470 WIZARD; PerkinElmer, Turku, Finland). The prevalence, by gender and age, of a deficient serum 25(OH)D concentration (<20 ng/mL or <50 nmol/L) in participants was estimated. The cut-off point for a deficient serum 25(OH)D concentration in this study was 20 ng/mL (50 nmol/L), according to the study by Dawson-Hughes et al. [52] . After adjusting for confounding factors (age, drinking status, smoking status, physical activity status-high, sun exposure time and use of vitamin/mineral supplements), we evaluated the relationship between vitamin D intake and serum 25(OH)D concentrations. We calculated vitamin D intake and the contribution of main food groups by gender. Also, individual food sources and contribution of them were estimated by gender.
Statistical Analyses
Analysis of KNHANES data for weighting was performed by complex samples analysis according to the statistical guidance of the Korea Center for Disease Control and Prevention. The general characteristic of the participants, such as smoking, drinking, physical activity status (high, mid, walking), sun exposure time, and use of vitamin/mineral supplements were compared across the genders using the complex samples analysis. The differences in smoking, drinking, physical activity status (high, mid, walking), sun exposure time, and use of vitamin/mineral supplements by gender were analyzed using chi-square test in complex samples analysis. Means and standard errors of energy, vitamin D intakes by adjusted energy, and serum 25(OH)D concentrations were determined based on age and gender. Differences among groups were analyzed using descriptive statistics in complex samples general linear model (CSGLM). The relationship between vitamin D intakes and serum 25(OH)D concentrations in all participants and men and women aged ≥50 years and <50 years was analyzed using the simple linear regression analysis in complex samples analysis after adjusting for confounding factors (age, drinking status, smoking status, physical activity status-high, sun exposure time and use of vitamin/mineral supplements). Vitamin D intake by food groups was expressed as the mean and standard error after adjusting for energy intake using descriptive statistics in CSGLM. All statistical analyses were conducted using SPSS version 22.0 (SPSS Inc., Chicago, IL, USA). An alpha level of 0.05 was used to determine a significant F-value.
Conclusions
In South Korea, reliable and representative intakes of vitamin D in Korean people have not been investigated until quite recently. Therefore, we assessed the KNHANES (2009) results by supplementing the vitamin D database with Korean food composition data and determined the effects of vitamin D intake on serum 25(OH)D concentrations in Korean people. In the present study, serum 25(OH)D concentrations were deficient (<20 ng/mL) in adults aged <50 years, and the mean daily intake of vitamin D did not substantially meet the reference AI of vitamin D. However, it was found that an increase in vitamin D intake could increase serum 25(OH)D concentration because there was a positive relationship between vitamin D intake and serum 25(OH)D concentrations overall and in all participants aged <50 years. Therefore, the prevalence of vitamin D deficiency among Koreans can be potentially reduced by increasing fish and shellfish intake, consumption of fortified foods, and time spent outdoors.
